Responses of insects to recent climate change have been well documented in a number of taxa, but not in wasps. This study examined shifts in phenology of the two most important wasp species (Vespa crabro and Vespula germanica) in Poland over the last three decades. Both species showed similar temporal trends, advancing their phenology after the early 1980s, but this pattern was detected only for workers not for the appearance of queens. The appearance times for V. germanica were negatively related to mean April temperature, appearing earlier in years with warmer springs, and positively related to precipitation in April. The studied species advanced aspects of their phenology, but linking this to temperature was not achieved for V. crabro suggesting that we have to pay more attention to the life history traits of the study organisms.
INTRODUCTION
Recent climate changes have influenced many living organisms, including the phenology, population size, and migration and distribution patterns of insects (e.g. Warren et al., 2001; Bale et al., 2002; Konvicka et al., 2003; Dell et al., 2005 , Sparks et al., 2007 . This is likely to be both an indirect effect, because local trends in temperatures affect plants which as the main food source of many phytophagous insects influence their activity, and a direct effect, since increasing temperature affects insect metabolism and activity per se. To date, researchers have focussed mainly on charismatic species, like butterflies and dragonflies, where a lot of data were collected, often by amateurs (e.g. Roy & Sparks, 2000; Gordo & Sanz, 2006; Hassall et al., 2007; Doi, 2008) . Coinciding with this were publications on species of a general economic (and ecological) importance (Gordo & Sanz, 2006; Harrington et al., 2007; Le Conte & Navajas, 2008) . Among potentially interesting species are social wasps, predators of other insects, mainly dipterans, and which occupy both rural and urban habitats (Edwards, 1980; Matsuura & Yamane, 1984; Pawlikowski, 1990) . They also eat a variety of carbohydrate-based food (nectar, honey, honeydew, plant juice). In the quest for food, they often visit flowers of Umbelliferae, Scrophulariaceae and thickets of Symphoricarpos albus, as well as foraging in human habitation where products or food scraps are subjected to ethyl fermentation. When foraging they are not only pollinators, but also vectors of pathogenic microorganisms. Thus they may constitute a sanitary threat (Nadolski et al., 2000) . At the same time, because of their activeness and aggressiveness, wasps pose a high allergological and toxicological threat to humans (Nadolski et al., 2000; Mauss, 2008) .
In our study area in central Poland, the two study species Vespula germanica (Fabricius, 1793) and Vespa crabro (Linnaeus, 1758) are of special interest (Pawlikowski, 1990; Pawlikowski & Pawlikowski, 2006) . V. germanica is the most common species (from 86% to more than 90% of the total specimens) and V. crabro (up to only 1% of the total specimens) is an important charismatic species. V. germanica is a social wasp species, native to the Palaearctic region: Europe, North Africa and temperate regions of Asia (Spradbery & Maywald, 1992) . Its nests are usually subterranean, but they may be aerial or built in roofs, attics, and within the walls of houses (Spradbery, 1973) . In urban areas 30% of nests are located in buildings, while in rural or forested areas up to 100% of nests are found underground (Moller et al., 1991) . The nest may reach a diameter of 30 cm and contain more than 10,000 individuals. Fordham et al. (1991) found that urban nests produced more workers and reproductive progeny. Fertilized queens overwinter in a sheltered place. They start to emerge around mid-March. Workers appear later and, if the climate is not too rigorous, continue to forage until mid-November.
The other originally Palaearctic species, V. crabro, is the largest European eusocial wasp. The female measures 25 to 35 mm long, males and workers are smaller. V. crabro is primarily a forest insect and it typically builds its nests in hollow trees. Nests are also found in thatched roofs, barns, attics, hollow walls of houses, and abandoned beehives. While impressive due to their size and loudness, European hornets are in fact much less aggressive than V. germanica. While not aggressive when encountered far from the nest, multiple workers will vigorously defend the nest if provoked. As for all wasps, the colonies die out in winter. Only fertilized females overwinter, founding new colonies close to their winter shelter. Queens appear from mid-April, workers are active until mid-October.
As was mentioned earlier, V. germanica and V. crabro have a range of potential economic and health impacts. The wasps make holes in ripe fruit to obtain sugar, scrape off the tender bark of young trees to obtain construction material and sugary sap. In summer and autumn, they can raid beehives and enters dwellings in the search for sugary foodstuffs for nourishment and for meat to feed the larvae. European wasps are also great scavengers and are usually found around areas of human habitation and activity. This is why they can be a major social pest as they disrupt people's enjoyment of the outdoors (Beggs, 2000) . Furthermore they can also inflict dangerous stings (McGain et al., 2000) . Most serious reactions to wasp stings are allergic in nature, so that only a small percentage of the human population is at risk. The severe allergic reaction (called anaphylactic shock) can be fatal unless treated promptly.
The main goals of this paper are to determine the phenology and the duration of wasp flight periods during the last three decades, identify potential links to meteorological factors such as temperature and rainfall, and discuss observed changes of importance to human society.
MATERIAL AND METHODS

Study area and wasp counts
The research on social wasps in the agricultural landscape of Kujawy (52.5°N, 18.7°E) was conducted in the vicinity of Strzelno ca. 20 km south of the town of Inowroc aw from April to October in 1981 October in -2009 . During this research, observations and capture of wasps were carried out along transects of 4-6 km length running through the study area. Transects were representative of the hunting territory of Vespula wasps; thus counts of individuals were only made for V. germanica. In addition, wasp nests were observed, especially those of V. crabro. Visits to the study area were made once in each 2-3 day interval during April-May and in each 5 day interval during June-October, between 10:00-17:00 local time. Visits were only made during optimal weather conditions for wasp flight; sunny, air temperature of 15-25°C. All wasp individuals were registered along the transects together with a record of their activity, i.e. searching for food, hunting, collection of nectar and honeydew (mainly on plants of Umbelliferae and thickets of Symphoricarpos albus), collection of nest building material (particularly from wooden buildings). Special attention was paid to those parts of the transects with carbohydrate sources, like gardens, orchards, utility buildings as well as service and trade buildings.
All transects were done by the same people, well trained in wasp identification (TP & KP). More information on the study area, structure and local wasp community are given in separate publications (Pawlikowski, 1990; Pawlikowski & Pawlikowski, 2006) . Climate variables were taken from the Meteorological Station in Inowroc aw ca. 20 km from the study area. Data were abstracted for monthly mean air temperature and total monthly precipitation. We also examined the potential effect of the North Atlantic Oscillation (NAO; Stenseth et al., 2003) , which is derived from a standardised pressure difference between the Azores and Iceland. A winter index was calculated as the mean of monthly values for December-March (values taken from: www.cgd.ucar.edu/cas/jhurrell/indices.html). A high value is indicative of milder and wetter winter weather and has proved useful in other studies (e.g. Stenseth et al., 2003) .
Statistical analysis
Information on wasp flight activity for each year were expressed as Julian date (days after December 31) and derived from field records as follows: date of first queen observed, date of last queen observed, date of first worker observed, beginning and end of the main flight period (from 50% of all observed workers and first males to 75% hunting workers). Based on this field data the following measures were also calculated: duration of queen flight (difference in days between the first and the last queen observed), queen mid-date (average of first and last dates), duration of main flight (last minus first) and main flight mid-date (average of first and last dates).
An abundance index, the mean number of individuals observed during 30 min of transect walk, was used as a potential covariate for V. germanica analysis. Equivalent data were not available for V. crabro.
Trends in phenology were assessed by regression on year to examine for changes over time. Relationships between phenology and climate variables (monthly mean temperatures, monthly total precipitation, NAO winter index) were examined using correlations, excluding those months that occurred after the mean date of the event.
Sample size differed a little between variables, because not all information was collected every year. All statistical analyses were conducted using the MINITAB v.14 package with p = 0.05 used as a threshold for significance testing.
RESULTS
Trends in time
There were no significant trends in the timing of the first or last queen in either V. germanica or V. crabro. The duration (last minus first) of queen flight in V. germanica had become significantly shorter (p = 0.030, Table 1 ) but this was not apparent in V. crabro. The first observed worker of V. germanica had advanced considerably (p < 0.001, Table 1) equating to 26 days earlier over the study period (Fig. 1) . Examination of the changes suggests a step-like change after c. 1991. Change in first worker phenology was not apparent in V. crabro. There were no significant trends in monthly mean temperatures during the study period (all p > 0.25).
Trends towards an earlier beginning and end of the main flight period were apparent for both species (all p < 0.009; Table 1 ). However, the beginning and end of the main flight period have advanced more for V. germanica (by an estimated 57 and 48 days, respectively) than for V. crabro (16 and 19 days, Fig. 2 ). For V. germanica there was also some evidence (p = 0.047) of a lengthening of the main flight duration (last minus first).
For the main flight period there was a significant positive correlation between the two species for both begin-ning (r = 0.542, p = 0.017) and end (r = 0.633, p = 0.004) of the period. Other phenological measures were not significantly correlated between the two species (all p > 0.19).
There was no significant trend in the abundance of V. germanica (p = 0.535). None of the phenological measures appeared to be influenced by the density of V. germanica.
Relationship between phenology and climate variables.
There were surprisingly few significant correlations between the phenological variables and the monthly mean temperatures, monthly total precipitation and the NAO winter index. worker V. germanica (Fig. 3) and the mean date (average of first and last) of queens for both species. May temperature was significantly negatively correlated with the date of the last queen of V. crabro. Precipitation tended to delay phenology, most apparent for April precipitation which was positively correlated (Fig. 4) with dates of first worker, and beginning and end of the main flight periods for V. germanica. A few other correlations were significant, but less easy to interpret and all correlations are summarised in Table 2 . It should be noted with such a large number of calculated correlations some may have occurred by chance.
DISCUSSION
To the best of our knowledge, long-term wasp phenology has not previously been studied, however, Visser & Both (2005) in their review paper suggested changes in wasp phenology in The Netherlands. Moreover they linked this to a potential mismatch with birds like honey buzzard Pernis apivorus feeding on these insects. They even suggested that honey buzzards were recently returning earlier from African wintering grounds, but the peaks of wasp activity had not changed as much, thus buzzards have a problem with finding good food sources. Therefore, knowledge on wasp phenology is also interesting from this perspective.
In the years 1981-2009 some aspects of the phenology of the two wasp species Vespula germanica and Vespa crabro have advanced. This is in agreement with predictions suggested by recent rapid climate change and has been described for many organisms (reviews in: Hughes, 2000; Sparks & Menzel, 2002; Walther et al., 2002; Parmesan & Yohe, 2003; Voigt et al., 2003; Badeck et al., 2004) including different groups of insects (Parmesan et al., 1999; Hickling et al., 2005) . This study revealed an advance in the main flight activity of workers of both studied wasps apparently driven, at least partly, by temperature. This relationship is only conclusively demonstrated in V. germanica and may reflect the much greater abundance, and hence more reliable observations, of this species. The relationships with temperature appear less clear than those found for similar insects, such as the honey bee Apis melifera (Gordo & Sanz, 2006) . We believe that wasps may not be so strongly related to temperature for several reasons.
Firstly, Spiewok & Schmolz (2006) showed that ambient temperature and light intensity have an influence on the flight performance of wasps, especially hornets. Moreover, the regulation of flight speed in different environmental conditions is sex specific (in wasps this equates to differences between queens and workers). The authors hypothesized that the reasons for these differences may lie in sex-specific cooling mechanisms; workers might regulate their body temperature through forced heat loss, whereas males, first appearing at the beginning of the main flight period, might reduce their heat production rates. Therefore, they may react in a different way to temperature across the season (Archer, 1998). We also believe that this fact may help to explain why in our study queens and workers responded differently to temperature.
Secondly, unlike in specialised predator/herbivore systems our studied wasp species may be less vulnerable to temperature increases advancing organisms lower in the trophic pyramid (e.g. flies, nectar-rich plants). An example where climate change might not lead to mistiming is the orange tip butterfly (Anthocharis cardamines) because its mean date of first appearance has a very similar response to March temperatures as the flowering date of garlic mustard (Alliaria petiolata), one of its host plants (Sparks & Yates, 1997; Harrington et al., 1999) . However, on the other hand there are examples of mismatch, for example winter moth Operophtera brumata egg hatch phenology has clearly advanced more over the past 15 years in The Netherlands than oak Quercus spp bud burst phenology has advanced (Visser & Both, 2005) . This is easy to understand in a simple system, like a specialized predator/herbivore focussing on one particular prey, but wasps may choose different food, probably in relation to availability and local environmental conditions (Edwards, 1980; Kemper & Döhring, 1967) . Therefore, they may switch to different food sources (Heinrich, 1993) depending on current temperature. However, the advances in some aspects of wasp phenology are so great that potential conflicts with early season adverse weather conditions need to be considered.
In this paper we have shown an advance of the main flight period of both studied wasp species and a relationship between phenology and temperature (particularly that in April) for V. germanica. V. germanica flight appears to be more closely correlated with temperature than that of V. crabro and this may explain the greater variability in observation dates of V. germanica compared to those of V. crabro. Moreover, V. germanica is a smaller species with less varied food sources compared to V. crabro, so its sensitivity to temperature should be greater (Heinrich, 1993) . Other studies have reported temperature response in insect migration timing (e.g. Kullberg, 1995) , population structure (e.g. Fordham et al., 1991) , larval development rates (Archer, 1998) and changes in distribution (e.g. Spradbery & Maywald, 1992) .
Some aspects of the phenology of the wasps studied changed dramatically despite no significant changes in monthly mean air temperature during the study period at the local Met Station. We have not been able to fully explain the magnitude of change and suggest that further study is necessary if more detailed weather variables become available. Variables such as frost and rainfall frequency, sunshine or maximum temperature may be more important than those that we had access to. Furthermore it may be that the wasps are having to "catch-up" with earlier advances in flower and prey phenology and that their response to temperature is indirect and delayed. Climate change is likely to affect many aspects of the life cycles of wasps and as a consequence the resulting potential conflicts between them needs to be investigated.
